Plain language summary {#S0001}
======================

In order to determine whether certain factors are associated with CD, we conducted an Internet-based survey among parents whose children have CD and parents whose children do not have CD. Based on the responses from this survey, we find that skim milk consumption between ages two and three and vitamin D drop exposure for greater than three months are associated with CD. These first two results are novel. In addition, we find associations between antibiotic use before age two and CD and ear infection before age two and CD. Variants of these latter two results appear in the existing literature.

Introduction {#S0002}
============

Celiac disease (CD) is a chronic small intestine enteropathy induced by exposure to the protein gluten, which is a component of wheat, rye, and barley.[@CIT0001] Both genetic and environmental factors contribute to the risk of CD.[@CIT0002]

The prevalence of CD in the US has increased significantly in recent decades, and this increase is not solely due to increased awareness and more efficient diagnosis.[@CIT0003],[@CIT0004] Relatedly, a significant increase in the incidence of CD in Sweden occurred starting in 1984.[@CIT0005] While some research had suggested that variations in incidence of CD could be connected to breastfeeding duration or the timing of gluten introduction into the diet,[@CIT0006]--[@CIT0009] these hypotheses have been largely disproven by more recent studies.[@CIT0010]--[@CIT0012] This prompted Ludvigsson and Green[@CIT0013].

Thus, a study examining novel potential risk factors for CD could be of great value. Six novel variables are considered in this study. They are: the type and quantity of cow's milk consumed between the second and third birthdays (2--3 years old), oral vitamin D supplementation in infancy and between 2--3 years old, the type of water consumed at 2 years old, and incidence of ear infection before 2 years old.

Regarding cow's milk, those with CD have a greater propensity than controls to have an inflammatory reaction to milk protein exposure in the rectal mucosa.[@CIT0014] Such a reaction mimics the effect of gluten on the same tissue.[@CIT0014] Thus, it is reasonable to consider whether there may be a common biological mechanism, and whether consumption of large quantities of cow's milk early in life may increase the risk of CD. Relatedly, whole milk is 21% protein by calories, while skim milk is 39% protein by calories.[@CIT0015],[@CIT0016] Thus, if the protein in milk is associated with an inflammatory reaction in many of those who are later diagnosed with CD, the fat content of milk consumed may be worthy of examination.

With respect to supplemental vitamin D, CD is an autoimmune disease,[@CIT0017] vitamin D has immunomodulatory effects,[@CIT0018] and some have hypothesized that oral vitamin D supplementation may decrease the risk of autoimmune diseases in general.[@CIT0018] Separately, CD is more prevalent in the northern latitudes of the US.[@CIT0019] Sunlight, which is less prevalent in the northern latitudes, is necessary for vitamin D to be generated in the skin.[@CIT0020] Based on these observations, one might reasonably infer that those who do not receive supplemental oral vitamin D in infancy could be at increased risk of developing CD.

However, in Sweden, CD is more prevalent in the southern latitudes than in the northern latitudes,[@CIT0021] the opposite of the pattern seen in the US. In addition, as one of this study's authors has highlighted previously, time trends of CD incidence tend to mirror time trends of vitamin D fortification and supplementation.[@CIT0022] For example, the significant increase in incidence of CD in Sweden began in 1984,[@CIT0005] within a year after a program of mandatory vitamin D fortification was instituted in Sweden.[@CIT0023]

With respect to the type of water consumed, reverse osmosis (RO) filtration may remove 95% of sulfate from water.[@CIT0024] Sulfated mucins line the healthy human digestive tract.[@CIT0025] Thus, it seems conceivable that reduced availability of sulfate early in life, perhaps caused by drinking RO water or other low sulfate water, could lead to reduced protection for the villi lining the intestine, which may increase the risk of CD.

Some evidence suggests that frequent early life infections are associated with CD.[@CIT0026]--[@CIT0028] Ear infections are extremely common in early childhood.[@CIT0029] Thus, it seems plausible that ear infection in early childhood is associated with CD.

Some additional variables that are examined in this study have been investigated in prior studies on CD epidemiology. These include breastfeeding duration,[@CIT0006],[@CIT0010]--[@CIT0012] age at gluten introduction,[@CIT0007]--[@CIT0012] and early life antibiotic exposure.[@CIT0026],[@CIT0030]--[@CIT0032]

Methods {#S0003}
=======

Similarity to a previous study {#S0003-S2001}
------------------------------

While the medical condition and many of the variables under consideration are different, this survey study is similar in design to an epidemiological survey study that the authors previously conducted on potential postnatal risk factors for autism spectrum disorder.[@CIT0033]

Questionnaire {#S0003-S2002}
-------------

A survey was constructed using Qualtrics software. Participants were to be biological parents of at least one child between the ages of 3 and 12, who was born in and resided in the US. The survey had between 28 and 39 questions, depending on whether the child in question had a gluten sensitivity condition. For the purpose of this study, gluten sensitivity conditions include CD, non-celiac gluten sensitivity (NCGS), and wheat allergy. Each participant with a child with one of these conditions was asked questions regarding the participant's youngest child with CD, NCGS, or wheat allergy. Each participant whose children did not have any of these conditions was asked questions regarding the participant's youngest child between 3 and 12 years old.

Most questions on exposures were focused on the first 2 years of life. Two exceptions were questions on the fat-content and quantity of cow's milk consumed between 2--3 years old. As breastfeeding or infant formula is recommended until at least 1 year of age in the US,[@CIT0034] and only whole milk or in some cases 2% milk is recommended until the second birthday,[@CIT0034] the authors inferred that there would be greater variability in exposure to cow's milk of different fat-contents among children between 2-3 years old than earlier in life.

A question on water was focused on the type of water consumed at the time of the child's second birthday. As a number of infants are breastfed and obtain much of their fluid intake directly through human milk,[@CIT0035] the authors believed that this question should be focused on an age when the vast majority of infants are fully weaned.

Two questions examined supplemental vitamin D exposure. One was focused on the duration of exposure to vitamin D drops in infancy. In the US, vitamin D drops are available in a dose of 400 international units (IU), which is the standard daily dose used in infant supplementation.[@CIT0036],[@CIT0037] The other question focused on vitamin D supplementation between 2-3 years old.

Participants who indicated that their child has a gluten sensitivity condition were also asked questions about the age of diagnosis of the child, the type of professional who made the diagnosis, and the types of medical tests that were conducted as part of the process of diagnosis.

Ethics {#S0003-S2003}
------

This study was approved by Columbia University's MS IRB. The protocol identifier is AAAR8822. All survey participants completed an electronic informed consent, which served as the first question in the survey.

Recruitment {#S0003-S2004}
-----------

Potential participants were informed via social media posts, electronic newsletters, websites, and Facebook advertisements that the investigators were conducting an Internet-based research survey. The primary mode through which potential participants were recruited was Facebook posts. To increase participation, participants were offered the opportunity to enter a raffle with two \$50 gift cards as prizes. A "thank you" landing page appeared upon completion of the survey and included buttons for sharing the survey on Facebook and Twitter.

In total, 111 different groups permitted the survey to be highlighted through their media ([[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul}). Of these groups, two are national patient advocacy organizations focused on CD, one is a CD research center, 20 are focused on CD in children, seven are focused on the gluten-free diet for children, 32 are focused on CD in general, and 49 are focused on the gluten-free diet in general.

The two national patient advocacy organizations that participated are Beyond Celiac and the National Celiac Association. Beyond Celiac made multiple postings to its Facebook page highlighting the survey. The National Celiac Association included a link to the survey in its electronic newsletter, highlighted the survey to its regional affiliates, and included a post on the survey on its Facebook page. The Center for Celiac Research and Treatment at Massachusetts General Hospital is the CD research center that highlighted the survey through its media. Two posts appeared on the Center's Facebook page, and a notice about the survey was distributed through the Center's Twitter feed.

While the recruitment materials acknowledged that the study's purpose is to better understand factors associated with CD and gluten sensitivity, the materials also emphasized that all groups were needed as participants. To increase participation among parents whose children do not have gluten sensitivity conditions, participants were encouraged to share the survey link with friends whose children are not known to have a gluten sensitivity condition.

The specific variables being examined were not disclosed in the recruitment materials. To decrease the likelihood of survey fraud, internet protocol addresses of participants were recorded, and each participant was asked to provide an email address. While providing an email address was optional, it was required if the participant wished to be included in the raffle.

Sample {#S0003-S2005}
------

After the data was collected, case and control groups were determined. Only responses from parents residing in the US who answered the survey questions regarding a biological child between 3 and 12 years old were included.

While the subjects in this study are children, only a minority of the groups used in recruiting for this study are focused on CD or gluten sensitivity in children. Most groups are not restricted to a particular age range, and the vast majority include an extremely high proportion of parents who have CD themselves. This suggests that parents with CD would be significantly over-represented among survey respondents, and this is especially true among respondents whose children do not have CD.

Yet, a parent who has a diagnosis of CD prior to the birth of her child could make very different decisions than she otherwise would have regarding the variables under consideration in this study due to the fact that she has CD. For example, perhaps a mother with CD would choose to breastfeed her child longer than she otherwise would have if she did not have CD. Likewise, a parent with CD is more likely to be aware of the possibility that her child could develop CD,[@CIT0038] and more likely to seek testing for her child,[@CIT0038] which increases the probability of a subsequent diagnosis of CD in her child. Thus, to avoid biasing this study's results, the significant subset of children with a parent with CD was excluded from the sample used in the main case-control analyses. For readers who are interested, analyses for a larger sample that includes children with parents with CD are included in the Supplementary Materials.

The case set was defined from the subset of participants who fulfilled the previously mentioned criteria, and who acknowledged that their child has a diagnosis of CD from a medical professional. While a number of survey respondents answered the questions in the survey about a child with NCGS or wheat allergy, these responses were excluded from the case set, since NCGS and wheat allergy are distinct conditions that differ from CD,[@CIT0039] and diagnostic criteria for NCGS is less well-defined than for CD.[@CIT0039],[@CIT0040] Since three of the variables under consideration in this study relate to the time period between 2-3 years old, a lower bound on age of diagnosis of 3 years was also used as a criteria in defining the case set.

The control set was defined from the subset of participants who fulfilled the previously mentioned criteria and whose children do not have CD, NCGS, or wheat allergy. In addition, since exposure to gluten is necessary for development of CD,[@CIT0001] any child who had never consumed gluten or who was on a gluten free diet at the time the survey was conducted was excluded from the control set.

Construction of variables {#S0003-S2006}
-------------------------

An initial set of raw binary categorical variables was constructed based on the specific answers to nine of the survey questions. For example, one question in the survey was on the fat content of cow's milk consumed by the child between 2-3 years old. For this question, there were six possible answer choices, including "I'm not sure" as the final possible answer. Five binary categorical variables were constructed from the first five answers to this question.

Using data from these same nine questions, a second distinct set of nine exposure variables was constructed to represent magnitudes of exposure, by associating a number with each answer of each of these questions.

Five of the nine exposure variables were scaled exposure variables, in that the magnitude of exposure was represented on a numerical scale with more than three possible values. For example, the discrete answers to the question on the number of courses of antibiotics provided up to the second birthday were: "None", "1", "2--3", "4--7", "8+", and "I'm not sure". Each answer was associated with the number corresponding to the lower bound in the respective range. Specifically, the corresponding numbers for these answers were: 0, 1, 2, 4, 8, and NA. This correspondence was used to construct the scaled antibiotic variable.

The variable for vitamin D supplementation between 2--3 years old was defined as a trinary variable, as it had three non-NA values: 0, 1, and 2, corresponding to the respective answers: a) no supplementation, b) occasional or only part of the year supplementation, and c) regular or fairly regular supplementation for the entire year. The vitamin D drop exposure variable was defined as a dichotomous variable with a cut point at greater than 3 months exposure. Two remaining variables, skim milk and RO water, were defined as binary variables, indicating whether the exposure in question occurred during the respective time frames.

The full set of nine exposure variables is: ear infection (number), antibiotic (courses), breastfeeding (number of months), vitamin D drops \>3 months (dichotomous), vitamin D supplement (trinary), age at introduction of gluten (months), skim milk (binary), milk quantity (cups per day), and RO water (binary).

Eight demographic variables were also constructed. Some were scaled variables such as maternal education where the answers were assigned to ordinal numbers. Others were binary categorical variables such as relationship to the child, where "biological mother" was associated with 0 and "biological father" was associated with 1. The full set of eight demographic variables is: age of the child (scaled), sex of the child (binary), maternal education (scaled), ethnicity of the child (binary), Southeast (binary), Northeast (binary), relationship of respondent to the child (binary), and maternal age at birth of the child (scaled). Details on the encoding of the exposure variables and the encoding of the demographic variables are provided in [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul} and [[Table S3](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul}, respectively.

Statistical analysis {#S0003-S2007}
--------------------

Analyses were run using the R statistical package. In this study, the *P*-value for statistical significance was defined to be  ≤0.05.

Crude Wald odds ratios (ORs) and 95% confidence intervals (CIs) were computed for each of the binary categorical exposure variables.

A consistent set of demographic covariates was determined objectively for the logistic regressions presented in this study using the following procedure. For each of the nine exposure variables, a preliminary logistic regression was run where the candidate set of covariates consisted of the eight demographic variables against the outcome of CD. Variable selection in these preliminary logistic regressions was made using Akaike information criterion (AIC). AIC is a measure of relative model quality.[@CIT0041] The union of all covariates included in each of these logistic regressions, in which an exposure variable was included based on AIC, was used as the set of covariates to be included in all logistic regressions where results are presented.

The ORs and adjusted odds ratios (aORs) for the nine exposure variables using the consistent set of covariates were obtained.

Results {#S0004}
=======

Sample {#S0004-S2001}
------

The survey was opened to participants on October 23, 2018 and closed on December 27, 2018. There were 1,178 completed survey responses excluding one redundant response from a participant who took the survey twice.

Following the procedure described in the Methods section, the responses were pared down to case and control groups, as shown in [Figure 1](#F0001){ref-type="fig"}. After exclusions, there remained: 332 responses associated with children with a diagnosis of CD that were diagnosed at 3 years or older (cases) and 241 responses associated with children who do not have CD or another gluten sensitivity condition, whose siblings do not have such conditions, and who are not on a gluten free diet (controls).Figure 1Flow chart for participant inclusion.**Abbreviations:** NCGS, non-celiac gluten sensitivity; US, United States.

Demographics {#S0004-S2002}
------------

[Table 1](#T0001){ref-type="table"} provides characteristics of the participants in the sample. Case children were on average 2.4 years older than controls, were more likely to be female than controls, and were somewhat less ethnically diverse than controls. There was proportionally somewhat less representation in the Southeast among cases than controls and, conversely, somewhat greater representation in the Northeast among cases than controls. Case biological mothers were, on average, 0.7 years younger than control biological mothers when the child was born and were slightly better educated than control biological mothers, on average. The survey respondents for both cases and controls were overwhelmingly biological mothers.Table 1DemographicsVariableCasesControlsn332241Age of child, mean (SD)8.5 (2.6)6.1 (2.8)Age of diagnosis, mean (SD)6.1 (2.4)--Sex of child, male, n (%)130 (39.2)107 (44.4)Maternal age at birth of child, mean (SD)30.8 (4.5)31.5 (4.9)Ethnicity of child, n (%) White (non-Hispanic)299 (90.1)205 (85.1) African American/Black1 (0.3)-- Asian--3 (1.2) Hawaiian/Pacific Islander--1 (0.4) Hispanic/Latino7 (2.1)7 (2.9) Native American3 (0.9)-- Multiethnic13 (3.9)17 (7.1) Other9 (2.7)8 (3.3)Regions of the US, n (%) Midwest92 (27.7)65 (27) Northeast93 (28)59 (24.5) Southeast55 (16.6)47 (19.5) Southwest25 (7.5)23 (9.5) West67 (20.2)47 (19.5)Maternal education, n (%) Grade school or some high school1 (0.3)1 (0.4) High school22 (6.6)14 (5.8) Some college44 (13.3)46 (19.1) Bachelor's or associate's degree154 (46.4)111 (46.1) Graduate or professional degree111 (33.4)69 (28.6)Relationship to the child, n (%) Biological mother326 (98.2)238 (98.8) Biological father6 (1.8)3 (1.2)Other conditions in child, n (%) None199 (59.9)174 (72.2) Attention deficit/hyperactivity disorder45 (13.6)25 (10.4) Autism spectrum disorder8 (2.4)12 (5) Down syndrome2 (0.6)1 (0.4) Lactose intolerance41 (12.3)18 (7.5) Peanut allergy13 (3.9)9 (3.7) Other food allergy26 (7.8)18 (7.5) Other68 (20.5)25 (10.4)How did (respondent) hear about survey? n (%) Beyond Celiac61 (18.4)3 (2.0) National Celiac Association or Chapter11 (3.3)1 (0.4) Other CD or gluten related group184 (55.4)32 (13.3) General interest parents group41 (12.3)49 (20.3) Advertisement2 (0.6)44 (18.3) Friend21 (6.3)102 (42.3) Other12 (3.6)10 (4.1)Respondent provided an email address, n (%)314 (94.6)209 (86.7)[^1]

Among the groups targeted, Beyond Celiac generated the greatest number of responses. Participants who were referred by a friend represented a much greater proportion of controls than cases.

ORs and aORs {#S0004-S2003}
------------

Wald ORs for the set of raw categorical variables constructed directly from the survey responses are reported in [Table 2](#T0002){ref-type="table"}. Four of the nine questions in this table have categorical variables with statistically significant associations with CD.Table 2Categorical variables and ORsQuestion^a^/variableCasesControlsn (%)n (%)OR95% CI*P*-valueEar infections up to second birthday? None101 (30.4)95 (39.4)0.6900.485--0.9830.039\* 155 (16.6)55 (22.8)0.6890.453--1.0480.080 2--371 (21.4)47 (19.5)1.1600.765--1.7570.484 \>4 or persistent85 (25.6)35 (14.5)2.1081.361--3.2640.001\* I'm not sure20 (6)9 (3.7)------Courses of antibiotics up to second birthday? None51 (15.4)56 (23.2)0.6650.434--1.0190.060 150 (15.1)55 (22.8)0.6650.432--1.0210.061 2--379 (23.8)71 (29.5)0.7690.527--1.1220.173 4--768 (20.5)34 (14.1)1.6231.032--2.5510.035\* 8+40 (12)13 (5.4)2.4781.293--4.7480.004\* I'm not sure44 (13.3)12 (5)-----Duration of breastfeeding? Never breastfed63 (19)40 (16.6)1.1770.761--1.8210.464 3 months or less53 (16)43 (17.8)0.8750.562--1.3600.552 \>3 months and up to 6 months43 (13)26 (10.8)1.2300.733--2.0650.432 \>6 months and up to 12 months76 (22.9)44 (18.3)1.3290.876--2.0130.178 \>12 months97 (29.2)88 (36.5)0.7180.504--1.0220.651Duration of vitamin D drops as a baby? No vitamin D drops199 (59.9)159 (66)0.8110.563--1.1700.262 3 months or less38 (11.4)33 (13.7)0.8390.508--1.3850.492 \>3 months and up to 6 months31 (9.3)12 (5)2.0311.019--4.0480.041\* \>6 months and up to 12 months31 (9.3)17 (7.1)1.4010.755--2.6000.283 \>12 months8 (2.4)8 (3.3)0.7390.273--2.0000.550 I'm not sure25 (7.5)12 (5)------Supplemental vitamin D between 2-3? No225 (67.8)164 (68)1.1900.818--1.7310.362 Occasionally or only part of year44 (13.3)33 (13.7)1.0250.630--1.6690.920 Regularly or fairly regularly for entire year39 (11.7)39 (16.2)0.7320.453--1.1840.203 I'm not sure24 (7.2)5 (2.1)------Age at which gluten introduced? 3 months or younger9 (2.7)6 (2.5)1.0940.384--3.1170.866 \>3 months and up to 6 months119 (35.8)76 (31.5)1.2200.856--1.7370.271 \>6 months and up to 12 months172 (51.8)138 (57.3)0.8040.574--1.1260.204 \>12 months27 (8.1)18 (7.5)1.1000.590--2.0470.764 I'm not sure5 (1.5)3 (1.2)------Type of liquid cow's milk between 2-3? No cow's milk at this time29 (8.7)31 (12.9)0.6530.382--1.1160.117 Skim milk26 (7.8)6 (2.5)3.3541.348--8.2840.006\* Low fat milk23 (6.9)17 (7.1)0.9880.516--1.8930.971 2% milk98 (29.5)69 (28.6)1.0550.731--1.5210.777 Whole milk151 (45.5)116 (48.1)0.9100.651--1.2710.579 I'm not sure5 (1.5)2 (0.8)------Daily quantity of milk between 2-3? No cow's milk at this time29 (8.7)31 (12.9)0.6830.399--1.1700.163 1/2 cup or less39 (11.7)27 (11.2)1.1160.661--1.8820.682 \>1/2 cup and up to 1 cup46 (13.9)32 (13.3)1.1120.684--1.8110.668 \>1 cup and up to 2 cups93 (28)63 (26.1)1.1800.808--1.7210.391 \>2 cups and up to 3 cups72 (21.7)57 (23.7)0.9510.639--1.4170.806 \>3 cups28 (8.4)24 (10)0.8780.495--1.5590.657 I'm not sure25 (7.5)7 (2.9)------Water type at age 2? Distilled or RO bottled water8 (2.4)8 (3.3)0.7330.271--1.9810.538 Any other type of bottled water32 (9.6)24 (10)0.9840.564--1.7190.955 Distilled or RO water from home unit11 (3.3)11 (4.6)0.7300.311--1.7130.468 Softened water from home unit6 (1.8)4 (1.7)1.1110.310--3.9810.872 Filtered water from home unit132 (39.8)91 (37.8)1.2220.797--1.5780.510 Plain tap water (unfiltered)113 (34)80 (33.2)1.0680.751--1.5180.715 Well water18 (5.4)17 (7.1)0.7700.388--1.5270.454 Other6 (1.8)6 (2.5)0.7340.234--2.3010.595 I'm not sure6 (1.8)--------[^2]

The consistent set of covariates included four of the eight demographic variables in the candidate set. These four covariates are: age of the child, ethnicity, maternal education, and maternal age at birth of the child. Four of the nine exposure variables were found to have statistically significant associations with CD when adjusted for the four covariates ([Table 3](#T0003){ref-type="table"}). These four are skim milk, vitamin D drops \>3 months, ear infection, and antibiotic.Table 3ORs and aORsUnadjustedAdjusted^a^VariableOR95% CI*P*-valueaOR95% CI*P*-valueEar infection (\#)1.2391.103--1.394\<0.001\*1.1831.041--1.3480.010\*Antibiotic (courses)1.1921.099--1.298\<0.001\*1.1331.037--1.2440.007\*Breastfeeding (months)0.9860.963--1.0100.2500.9950.969--1.0210.681Vit D drops \>3 months (binary)1.5330.991--2.4020.0581.7491.079--2.8720.025\*Vit D supplement (trinary)0.8700.690--1.0980.2400.9150.707--1.1850.499Age gluten (months)0.9830.940--1.0270.4410.9920.944--1.0420.750Skim milk (binary)3.3541.449--9.1280.009\*3.5561.430--10.220.010\*Milk quantity (cups/day)1.0090.877--1.1620.8970.9410.805--1.1000.448RO water (binary)0.7230.372--1.4040.3350.6560.312--1.3700.261[^3]

Expanded data set {#S0004-S2004}
-----------------

Analogous results for an expanded data set, which includes the substantial response from parents who have CD, appear in the Supplementary Materials. Specifically, [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul} provides details on the exclusions, [[Table S4](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul} provides the demographic data, [[Table S5](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul} provides the ORs for the categorical data, and [[Table S6](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul} provides the OR and aORs on the exposure variables for this expanded data set.

Discussion {#S0005}
==========

Sample {#S0005-S2001}
------

As expected, survey participation among CD parents was disproportionate. In the expanded data set, 27% of case children had a parent with CD, and 36% of control children had a parent with CD ([[Table S4](https://www.dovepress.com/get_supplementary_file.php?f=210060.pdf)]{.ul}). In a representative data set, these statistics would be closer to 6% and 1.5%, respectively.[@CIT0042],[@CIT0043] While the remaining discussion will focus on the primary data set, which excludes CD parents, the most interesting associations found in this study are present in both the primary and expanded data sets.

Potential bias {#S0005-S2002}
--------------

In case-control epidemiological survey studies on severe disease where the survey population has a preconceived view that a certain exposure may be a risk factor for the disease, differential recall bias may tilt results toward a positive association with the exposure in question.[@CIT0044] While differential recall bias does not always play a significant role in such studies,[@CIT0044]--[@CIT0046] where it does occur, it is usually attributed to case participants overestimating the exposure in question relative to controls.[@CIT0044]

Consider the possible effects of differential recall bias in the present study. Sophisticated participants may be aware of some of the effects of infection on the immune system,[@CIT0047] or of the negative effects of antibiotics on the microbiome in general.[@CIT0048] Thus, some of the more sophisticated participants may have a preconception that ear infection or antibiotic use could be a risk factor for CD. Thus, it seems plausible that differential recall bias could tilt results toward finding associations between ear infection and CD and antibiotic and CD. Both of these associations were found in this data set.

Sophisticated participants in this study might also be aware that cow's milk is a common allergen and that consuming excessive quantities of cow's milk in infancy may have negative effects.[@CIT0049],[@CIT0050] Similarly, many participants are likely aware that some medical authorities promote breastfeeding and vitamin D supplementation in infancy due to their perceived benefit to early childhood development in general.[@CIT0035]--[@CIT0037],[@CIT0051]--[@CIT0053] Thus, a sophisticated lay person might infer that moderation in cow's milk consumption, increased duration of breastfeeding, and increased exposure to vitamin D drops in infancy could each plausibly be associated with decreased risk of CD. However, the data from this study suggests that neither the quantity of cow's milk consumed, nor duration of breastfeeding have a significant effect on risk of CD, and vitamin D drop exposure for greater than 3 months is actually associated with an increased risk of CD. Thus, it would seem that differential recall bias did not have a significant effect on the direction of associations of the exposure variables in this study.

A method of recruitment in which research participants play a role in recruiting their friends is known as snowball sampling.[@CIT0054] By construction, this study made use of snowball sampling in obtaining a small number of its case participants and in obtaining a significant minority of its control participants. Snowball sampling has been used in a number of studies on CD.[@CIT0055]--[@CIT0057] While some research suggests that snowball sampling may contribute to biases in a sample,[@CIT0058] other research suggests that, in practice, this concern may be overstated.[@CIT0059]--[@CIT0061]

A key question in this study is whether the use of snowball sampling for a significant minority of the control group induced systematic bias in the answers to the exposure questions. Since many of the control participants indicated that they were social media friends of other participants, who were almost certainly case participants for the most part, it seems likely that some of the control participants had children with exposures in common with the children of the case participants who referred them. Such a scenario would tend to make control responses more similar to case responses than they otherwise would have been with a purely random sample. While this scenario could decrease the strength of some of the associations observed, it seems unlikely that it would change the direction of such associations.

Demographics {#S0005-S2003}
------------

The significant age difference between case and control children can be explained by the study design. Case parents reported on their youngest biological child with CD and that diagnosis of CD must have been made at age 3 or older, while control parents were asked questions about their youngest child between 3 and 12 years of age. Hence, some case parents would have had a younger child between 3 and 12 for which data was not obtained. In addition, one can obtain a CD diagnosis throughout life.[@CIT0062] Since case children must have a CD diagnosis, this also suggests that there would be fewer case children at younger ages, as some children who would otherwise be included in the case set do not yet have a diagnosis of CD.

The greater percentage of females among cases than controls can be explained by CD epidemiology. Specifically, CD is more common among females than males.[@CIT0063]

While case biological mothers were marginally better educated on average than control biological mothers, both were better educated than the female adult population of the US between 30 and 54 years of age.[@CIT0064] The much greater proportion of controls that were recruited by friends than cases shows that the emphasis on friend recruitment of controls appears to have been effective.

Skim milk {#S0005-S2004}
---------

The data suggests that consumption of skim milk as the primary form of liquid cow's milk between 2-3 years old is associated with a subsequent diagnosis of CD ([Table 3](#T0003){ref-type="table"}). While the ORs for the raw categorical variables in [Table 2](#T0002){ref-type="table"} on milk type show no other statistically significant associations between milk type and CD, they do suggest a general trend toward consumption of lower fat milks among those subsequently diagnosed with CD.

Skim milk consumption by a child could be a result of skim milk consumption by the household in general.[@CIT0065] This could be connected to a parent's concern about his or her own weight.[@CIT0066] Yet maternal obesity does not appear to be associated with a subsequent diagnosis of CD in the child.[@CIT0067] Consumption of skim milk by a child could also be motivated by parental concerns about the child's weight. In this light, the finding on skim milk consumption from the present study could be suggestive of increased obesity among case children prior to diagnosis. This is plausible, as there is an atypical presentation of CD in children with obesity at the time of diagnosis that is becoming increasingly common.[@CIT0068] While this is theoretically possible, many other factors beyond obesity are involved in parental choice to use lower fat milks.[@CIT0065],[@CIT0069]

Alternatively, skim milk consumption could increase the risk of developing CD. There are hints in the existing literature that consumption of skim milk by young children may have undesirable effects on digestive health. Specifically, consumption of skim milk or low-fat milk compared with consumption of whole milk in very young children may increase risk of diarrhea.[@CIT0070],[@CIT0071]

In addition, long-term trends of increased skim milk consumption by children generally mirror long-term trends of increased incidence of CD. Specifically, per capita skim milk consumption by young children in the US doubled between the mid-1970s and the mid-1990s.[@CIT0072] During this time period, incidence of CD also increased significantly.[@CIT0073] Thus, the findings on skim milk in the present study are intriguing and are worthy of further investigation in a prospective study.

Oral vitamin D {#S0005-S2005}
--------------

While the OR on only one of the vitamin D drop categorical variables is statistically significant ([Table 2](#T0002){ref-type="table"}), these variables do suggest a pattern. Specifically, the data suggests that infants who receive oral vitamin D drops for longer than 3 months are at increased risk of subsequently developing CD. Admittedly, there is one exception to this pattern, in that infants who receive vitamin D drops for more than 12 months are at decreased risk of developing CD according to the data, but this latter result is far from statistically significant.

The *P*-value for the dichotomous variable, vitamin D drops \>3 months ([Table 3](#T0003){ref-type="table"}) confirms that the association between this variable and CD is present and is statistically significant when adjusted for covariates. There is no clear pattern on the distinct variable for vitamin D supplementation between 2-3 years of age.

Other studies have found associations between nutrient supplementation and CD. Specifically, a Norwegian study found that prenatal iron supplementation is associated with CD in the child.[@CIT0074] A separate multi-site study was not able to replicate this result, but did find a statistically significant association between any prenatal vitamin D supplementation and CD autoimmunity in the child as defined by anti-tissue transglutaminase antibodies.[@CIT0075] Admittedly the authors of this latter study did not attach any importance to this vitamin D result, and analogous associations in this latter study were not statistically significant when the vitamin D exposure variable was defined alternatively as a scaled variable or when the outcome was CD as defined by biopsy.[@CIT0075] Separate research has found that nutrient supplementation in children is correlated with maternal nutrient supplementation.[@CIT0076] Thus, the finding on vitamin D drops in the present study echoes the two prior studies that found associations between nutrient supplementation and CD. In particular, the association in the present study is aligned with the association found between any prenatal vitamin D supplementation and CD autoimmunity in the multi-site study.

As previously explored in the Potential bias section, it seems unlikely that the vitamin D drop result from the present study is due to bias. Specifically, if differential recall bias did impact the result for this variable, it would likely be in the direction of vitamin D drops decreasing risk.

Plausibly, the association between vitamin D drops administered for greater than 3 months and CD could be due to some fundamental effect of oral vitamin D supplementation in infancy. Superficially, this may seem unlikely, as vitamin D supplementation in infancy is endorsed by many medical authorities,[@CIT0036],[@CIT0037],[@CIT0053] and plasma levels of 25-hydroxyvitamin D are often relatively low in newly diagnosed CD patients.[@CIT0077]--[@CIT0079] As a result, vitamin D supplementation is often recommended for those with CD who have low plasma levels of 25-hydroxyvitamin D.[@CIT0080],[@CIT0081]

Yet, findings on low 25-hydroxyvitamin D plasma levels among newly diagnosed CD patients do not preclude the possibility that oral vitamin D supplementation in infancy could be a risk factor in inducing the cascade of events leading to CD.

Vitamin D is an immunomodulator.[@CIT0018],[@CIT0082] Vitamin D supplementation in extremely high doses in mice increases susceptibility to colitis,[@CIT0083] and vitamin D supplementation in lethal doses in rats causes sloughing of the intestinal villi.[@CIT0084] In humans, supplementation in extremely high doses can have negative effects on digestion as exhibited through constipation.[@CIT0085],[@CIT0086]

Regarding CD, while plasma levels of 25-hydroxyvitamin D are often low in CD in the newly diagnosed, plasma levels of 1,25-dihydroxyvitamin D, which is the active form of vitamin D, are often high in CD, and this is especially true in the newly diagnosed.[@CIT0087]--[@CIT0089] Relatedly, hyperparathyroidism, which is usually assumed to be secondary hyperparathyroidism, is common in CD in the newly diagnosed.[@CIT0079],[@CIT0089]--[@CIT0091] Parathyroid hormone increases the rate of conversion of 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D.[@CIT0092],[@CIT0093]

Since 1,25-dihydroxyvitamin D is the active form of vitamin D, and it is often elevated in CD, the rationale for vitamin D supplementation in CD seems suspect.[@CIT0094] Relatedly, the only case-control study comparing treatment with supplemental vitamin D, calcium, and gluten-free diet (GFD) relative to treatment with GFD alone in newly diagnosed patients with CD, found no incremental benefit associated with supplemental vitamin D.[@CIT0095] This result and other evidence prompted Zingone and Ciacci,[@CIT0094] in their recent review on this topic, to conclude that, "At the moment we cannot find adequate evidence of the need of vitamin D supplementation in patients with \[CD\] on a gluten-free diet."

While the elevated levels of 1,25-dihydroxyvitamin D often observed in CD have generally been viewed as a result of CD rather than a cause of it,[@CIT0087]--[@CIT0089] there are clues in the literature that this metabolite may also play a more fundamental role in CD etiology. First, primary hyperparathyroidism causes and is relatedly associated with high levels of 1,25-dihydroxyvitamin D in plasma,[@CIT0096] and two studies have found comorbidity between primary hyperparathyroidism and CD.[@CIT0097],[@CIT0098] There also is no known explanation for the comorbidity of these two seemingly unrelated conditions in the literature.[@CIT0097] Second, Williams syndrome, a genetic syndrome characterized by mild-to-moderate intellectual disability and hypercalcemia, is associated with extreme elevations in 1,25-dihydroxyvitamin D in plasma in infancy.[@CIT0099] These elevations of 1,25-dihydroxyvitamin D are due to the deletion of the *WSTF* gene, which normally plays a vital role in vitamin D homeostasis.[@CIT0100] Williams syndrome has high comorbidity with CD.[@CIT0101] Third, tuberculosis is associated with elevated 1,25-dihydroxyvitamin D in plasma due to macrophage activation caused by the underlying bacterial infection.[@CIT0102] A population-based cohort study found that those with a prior history of tuberculosis are about 2.5-times more likely to be diagnosed with CD.[@CIT0103]

The comorbidity with CD of these three disparate conditions, each characterized by elevated plasma levels of 1,25-dihydroxyvitamin D due to three different underlying mechanisms, suggests that the elevated plasma levels of 1,25-dihydroxyvitamin D that are common to these conditions and that are often observed in other cases of CD may play a fundamental role in CD pathogenesis.

To summarize, the literature shows that, in active CD prior to the initiation of GFD, often excessive conversion of 25-hydroxyvitamin D results in low levels of 25-hydroxyvitamin D and high levels of 1,25-dihydroxyvitamin D, the active form of vitamin D. In addition, as highlighted by the examples of primary hyperparathyroidism, Williams syndrome, and tuberculosis, it seems plausible that elevated plasma levels of 1,25-dihydroxyvitamin D may increase risk of CD. Oral vitamin D supplementation raises plasma levels of 1,25-dihydroxyvitamin D.[@CIT0104] Thus, it also seems plausible that elevated plasma levels of 1,25-dihydroxyvitamin D due to significant vitamin D supplementation may increase the risk of CD in susceptible individuals. Perhaps this risk is greatest in infancy, a stage of development when the immune system is still immature.[@CIT0105] While this interpretation of the results in the literature is novel, it offers a plausible fundamental explanation for the vitamin D drop result from the present study, as well as offering a possible explanation for some aspects of CD epidemiology, as highlighted above.

Additional comorbidity data and other epidemiological evidence from the literature are also consistent with the possibility of such a connection.[@CIT0022] Regarding the former, some studies have found that vitamin D supplementation in infancy increases risk of atopic dermatitis and asthma in later life,[@CIT0106]--[@CIT0109] and both of these conditions have significant comorbidity with CD.[@CIT0110],[@CIT0111]

Regarding other epidemiological evidence, the case of Sweden is most striking. As mentioned in the Introduction, regulations requiring vitamin D fortification of food were introduced in March of 1983 in Sweden,[@CIT0023] and the inception of the Swedish celiac "epidemic" has been independently dated from 1984.[@CIT0005]

Ear infection {#S0005-S2006}
-------------

The ORs for the raw categorical variables on ear infection increase with the number of such infections ([Table 2](#T0002){ref-type="table"}). In addition, the scaled ear infection exposure variable is associated with a subsequent diagnosis of CD ([Table 3](#T0003){ref-type="table"}).

While the authors believe this is the first time a result has been published establishing an association between ear infection and CD, at least three previous studies have found that infection in general early in life is associated with CD.[@CIT0026]--[@CIT0028] One of these, a nationwide Norwegian study, examined infections by type and found that upper respiratory infections, lower respiratory infections, and gastroenteritis are all associated with CD.[@CIT0027] In this Norwegian study, ear infection was categorized as an upper respiratory infection,[@CIT0027] and the study found an association between upper respiratory infection and CD (aOR=1.03, CI=1.02--1.05).[@CIT0027] While the CI in the present study for ear infection overlaps with the CI in the Norwegian study for upper respiratory infection, the aOR and CI in the present study are larger in magnitude. Part of this difference may be an artifact of the way the exposure variable in the present study is defined. Specifically, the numeric value in the present study was assigned to the lower bound in the multiple-choice range answers. If upper bounds on ranges or means on ranges were used instead when defining the ear infection variable, the aOR in the present study would be slightly smaller in magnitude. It is also plausible that ear infections are a more sensitive indicator of subsequent diagnosis of CD than upper respiratory infections in general.

If the association between ear infection and CD is causative, it may be tied to inflammatory response to infections increasing the risk for autoimmunity, which underlies CD.[@CIT0112] Alternatively, it may be that ear infection increases the risk of CD through increased antibiotic exposure. In the US, ear infections are the most common reason for prescribing antibiotics to young children.[@CIT0029]

Antibiotic {#S0005-S2007}
----------

As with ear infection, the ORs for the raw categorical variables on antibiotic use generally increase with the number of courses of antibiotics ([Table 2](#T0002){ref-type="table"}). In addition, the scaled antibiotic exposure variable is associated with subsequent diagnosis of CD ([Table 3](#T0003){ref-type="table"}).

As with infection, there is already research in the literature suggesting an association between antibiotic use and CD. Three major studies have found such an association: two of the three were focused on exposure during the first year of life and subsequent diagnosis of CD, and the other was focused on an adult population.[@CIT0026],[@CIT0030],[@CIT0031] A fourth major multi-site study in children found no association between antibiotic exposure and CD autoimmunity based on its primary statistical measure, but this same study did find an association between multiple doses of macrolide antibiotics during the first year of life and CD autoimmunity.[@CIT0032]

As three of four major studies on antibiotic exposure and CD found such an association, and the fourth found an analogous association on a specific type of antibiotic on a secondary measure, the findings from the present study are in agreement with other studies in the literature on this topic.

If the association between antibiotic and CD is causative, this could reflect the effects of antibiotic use on the microbiome. Specifically, antibiotic exposure in childhood can negatively impact diversity of the microbiome and can lead to dysbiosis.[@CIT0048],[@CIT0113] Children with active CD typically have "microbial signatures" in their microbiomes that differ from controls and have greater dysbiosis than controls.[@CIT0114],[@CIT0115]

Other variables {#S0005-S2008}
---------------

While the aOR for breastfeeding duration points marginally in the direction of decreased risk, it is far from statistically significant. Similarly, while the aOR for age at gluten introduction points marginally in the direction of earlier gluten introduction decreasing risk, this result is also far from statistically significant. These results are consistent with recent research, which shows that neither breastfeeding nor age at gluten introduction have a significant effect on risk of CD.[@CIT0010]--[@CIT0012]

The aOR for the RO water variable points in the direction of RO water decreasing risk of CD. While the result is not statistically significant, this result provides no support for the hypothesis that RO water may increase the risk of CD.

Likewise, the aOR for the milk quantity variable provides no support for the authors' preliminary hypothesis that increased consumption of cow's milk may increase CD risk. A recent study that examined the impact of the quantity of powdered milk consumed on subsequent CD diagnosis in young children in Sweden found no association between quantity of powdered milk consumed and CD.[@CIT0116] Thus, while the studies are different with respect to the specifics, the result for the fluid milk quantity variable in the present study is consistent with the findings on powdered milk from this recent Swedish study.

Strengths and limitations {#S0005-S2009}
-------------------------

Some limitations of this study arose from its reliance on a retrospectively collected data set derived from an Internet survey. While efforts have been made to limit bias, and some of the analysis above suggests that bias was limited, the raw data collected from participants was essentially unverified beyond what could be gleaned from the participants' responses. For example, only children whose parents indicated that a CD diagnosis was made by a professional were included in the case group. While data was collected on the types of medical tests conducted to obtain a diagnosis, no uniform diagnostic methodology was used among cases. In addition, in all probability most control children had not been formally tested for CD by a medical professional. In other words, a control child's status as a control was primarily due to the fact that the child's parents, and presumably in most cases the child's pediatrician, did not have evidence that the child or the child's siblings have CD or another gluten sensitivity condition.

As previously noted there were some demographic differences between case and control groups in this study. Specifically, case and control groups differed materially on the mean age of the child and to a lesser extent maternal education and ethnicity. While the main statistical measures used in this study were adjusted to account for differences in these variables, it would be desirable if the demographic characteristics of the case and control groups had greater similarity.

In addition, it would have been desirable to acquire additional detail from the participants on some of the variables analyzed in this study. For example, while 400 IU is the standard dose of vitamin D drops for infants in the US,[@CIT0036],[@CIT0037] and this study obtained information on the duration with which vitamin D drops were provided, it also would have been relevant to obtain information on the dose of vitamin D drops provided.

While using an Internet survey to obtain the underlying data set led to some of this study's limitations, this approach was also linked to some of its strengths. For example, a large number of groups were used in recruitment for this study, and participants came from all regions of the US. In addition, using an Internet based survey to obtain the data removed the possibility of interviewer bias affecting results.

Conclusion {#S0006}
==========

The two most intriguing findings in this study are that skim milk as the primary form of liquid cow's milk between 2-3 years old is associated with CD, and oral vitamin D drop use for greater than 3 months in infancy is associated with CD. These are novel and potentially important results, and both of these variables are worthy of examination in a prospective study.
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[^1]: **Abbreviations:** CD, celiac disease; SD, standard deviation; %, percentage of cases or controls.

[^2]: **Notes:** ^a^Questions and answers in this table were edited for brevity; \**P*-values\<0.05.

    **Abbreviations:** OR, Wald odds ratio; RO, reverse osmosis; 95% CI, 95% Wald confidence interval.

[^3]: **Notes:** ^a^Covariates for the adjusted odds ratios are: age of the child, ethnicity of child, maternal education, and maternal age at birth of the child; \**P*-values\<0.05.

    **Abbreviations:** aOR, adjusted odds ratio; OR, odds ratio; RO, reverse osmosis; Vit, vitamin; 95% CI, 95% confidence interval.
